Rheb GTPase and the Tsc1-Tsc2 protein complex, which serves as a GTPase-activating protein for Rheb, have crucial roles in the regulation of cell growth in response to extracellular conditions. In Schizosaccharomyces pombe, Rheb and Tsc1-Tsc2 regulate cell cycle progression, the onset of meiosis and the uptake of amino acids. In cells lacking Tsc2 (Dtsc2), the amino acid transporter Aat1, which is normally expressed on the plasma membrane under starvation conditions, is confined to the Golgi. Here, we show that the loss of either pub1 + , encoding an E3 ubiquitin ligase, or any1 + , encoding a b-arrestin-like protein, allows constitutive expression of Aat1 on the plasma membrane in Dtsc2 cells, suggesting that Pub1 and Any1 are required for localization of Aat1 to the Golgi. Subsequent analysis revealed that, in the Golgi, Pub1 and Any1 form a complex that ubiquitylates Aat1. Physical interaction of Pub1 and Any1 is more stable in Dtsc2 cells than in wild-type cells and is independent of Tor2 activity. These results indicate that the TSC-Rheb signaling pathway regulates the localization of amino acid transporters via Pub1 and Any1 in a Tor2-independent manner. Our study demonstrates that, unlike in budding yeast (in which Rsp5 and ARTs, a pair of proteins analogous to Pub1 and Any1, respectively, primarily act to reduce expression of the transporters on plasma membrane when nutrients are abundant), the primary role of fission yeast Pub1 and Any1 is to store the transporter in the Golgi under nutrient-rich conditions.
Introduction
Eukaryotic cells regulate growth and proliferation in response to external stresses and environmental conditions by regulating the activity and abundance of specific proteins at the cell surface. Arrestins mediate intracellular trafficking and play a key role in regulating the activity and abundance of cell-surface receptors. In mammalian cells, b-arrestin 2 interacts with the ubiquitin ligase Mdm2 and plays an important role in agonist-induced ubiquitylation and lysosomal degradation of the b 2 adrenergic receptor (Shenoy and Lefkowitz, 2003; Shenoy et al., 2001 ). In S. cerevisiae, several arrestin-like proteins (ARTs) play a role in recruiting the ubiquitin ligase, Rsp5, to substrate transporters and regulate their trafficking (Lin et al., 2008; Nikko and Pelham, 2009; Nikko et al., 2008) .
Amino acid transporters are responsible for the uptake of nutrients into the cell. The amount of transporters on the cell surface is tightly regulated in response to environmental cues to maintain cellular homeostasis. The general amino acid transporter Aat1, a homolog of Gap1 sc in fission yeast, is stably localized to the Golgi apparatus under nitrogen-rich conditions. Following a shift to nitrogen-poor medium, Aat1 is transported from the Golgi apparatus to the plasma membrane (PM), followed by endocytosis and transport to the vacuolar lumen (Nakase et al., 2010) . Recently, we found that the membrane trafficking of Aat1 was regulated by the ubiquitin ligase Pub1, a homolog of Rsp5 sc , in fission yeast (Nakase et al., 2012) . Pub1 to regulates G2/M transition by ubiquitylating Cdc25 (Nefsky and Beach, 1996) , which dephosphorylates the inhibitory phosphotyrosine of Cdc2 (Dunphy and Kumagai, 1991; Gautier et al., 1991; Gould and Nurse, 1989; Lundgren et al., 1991; Russell and Nurse, 1986) and cooperates with Flp1/ Clp1 phosphatase (Esteban et al., 2008) . In addition to cell cycle regulation, Pub1 is required to maintain cell viability at low pH as well as for the cellular uptake of leucine (Karagiannis et al., 1999; Saleki et al., 1997) .
The TSC-Rheb pathway controls proliferation, cell cycle progression, and nutrient uptake. The role of Rheb GTPase is conserved from yeast to humans. In humans, Rheb activates mTOR (mammalian target of rapamycin), a member of the PI 3 serine/threonine kinase family, which phosphorylates p70 ribosomal S6 kinase (S6K) and the translation initiation factor 4E-BP1, both of which are responsible for increased protein synthesis (Fingar and Blenis, 2004; Raught et al., 2001) . Rheb is negatively regulated by the Tsc1-Tsc2 complex, which acts as a GTPase-activating protein (GAP) (Garami et al., 2003; Inoki et al., 2002; Manning and Cantley, 2003) . Mutations in human TSC1 or TSC2 genes are the cause of tuberous sclerosis complex (TSC), a genetic disorder associated with the appearance of benign tumors in various organs (Crino et al., 2006; Gómez, 1995; Kwiatkowski and Short, 1994) . Patients with TSC suffer from seizures and epilepsy, which may be related to aberrant extracellular glutamate uptake in glial cells (Danbolt, 2001) . Although accumulated glutamate in the synaptic cleft may cause neuronal cell death, the underlying molecular mechanism responsible for TSC epileptogenesis remains to be explored.
In the fission yeast Schizosaccharomyces pombe, Rheb GTPase is encoded by the rhb1 + gene. As in mammalian cells, Rhb1 GTPase in these cells is regulated by the Tsc1-Tsc2 complex (Mach et al., 2000; Matsumoto et al., 2002; van Slegtenhorst et al., 2004) . We previously showed that strains in which tsc1 + (Dtsc1) and tsc2 + (Dtsc2) are deleted are viable but exhibit defects in the uptake of nutrients such as amino acids and in the induction of the mei2 + gene upon nitrogen starvation (Matsumoto et al., 2002; Nakase et al., 2006) . These phenotypes are also expressed in a dominant-active mutant of rhb1 + (rhb1-DA4), indicating that they are caused by abnormal regulation of Rhb1 GTPase (Murai et al., 2009) .
The fission yeast genome encodes two TOR proteins, Tor1 and Tor2. Tor1 is a non-essential protein, although it is required for survival under stress conditions, proper G1 arrest, and sexual development (Kawai et al., 2001; ). Subsequently, Tor1 was identified as part of TORC2. By contrast, Tor2, which forms TORC1 that is similar to mTORC1, is essential for growth and prevents sexual development. In actively growing cells, Tor2 prevents induction of the mei2 + gene, which is required to initiate meiosis (Matsuo et al., 2007) . Like mammalian Rheb GTPase, fission yeast Rhb1 GTPase binds to Tor2 (Urano et al., 2005) .
In the present study, we isolated two mutants, pub1-82 and any1-66, which suppress the defects caused by the deletion of tsc2. any1 + (Arrestin in fission yeast) is a novel gene and is orthologous to S. cerevisiae YOR322c (ART1). Any1 and Pub1 Each member contains the arrestin motif (yellow box) and predicted arrestin fold domains (blue boxes; including prediction). Green bars indicate PPXY motifs. (B-E) Suppression of defects in uptake by pub1-82 and any1-66. Each strain was spotted on the indicated medium (serial dilutions are shown from left to right) and grown for 4 days at 26˚C. (F) Localization of Pub1 and Any1. pub1 + and any1 + genes were tagged with GFP and chromosomally integrated for expression from the native promoter. Localization was examined under a fluorescence microscopy. Gms1-RFP was used as a Golgi marker. (G) Co-localization of Any1 and Pub1. Wild-type cells expressing Any1-GFP and Pub1-RFP were observed under a fluorescence microscope. Scale bars: 10 mm.
physically interact with each other and coordinate the regulation of amino acid transporters. More importantly, we found that the physical interaction between Pub1 and Any1 is more stable in Dtsc2 cells than in wild-type cells and is regulated independently of Tor2. Based upon these results, we propose a model that explains the regulation of amino acid transporters by the TSCRheb signaling pathway.
Results
Identification of the b-arrestin-like protein Any1 and the ubiquitin ligase Pub1
Leucine-auxotrophic strains lacking the tsc2 + gene (Dtsc2 leu1-32) cannot grow on minimum medium (EMM) supplemented with a low concentration of leucine (40 mg/ml). This is likely due to defective uptake of leucine by amino acid transporters. Analysis of revertants of this strain (that were able to grow on low-leucine medium) identified the gene cpp1 + as an extragenic suppressor of Dtsc2 (Nakase et al., 2006) . Two additional alleles were identified in the remaining revertants, pub1 and a novel allele. pub1 + encodes a HECT-type E3 ubiquitin ligase (Nefsky and Beach, 1996) , which is homologous to Rsp5 in budding yeast. The gene corresponding to the novel allele encodes a protein homologous to Art1 in budding yeast, a member of the family of b-arrestin-like proteins (Fig. 1A) . Therefore, this gene was designated any1 + (arrestin in nutrient response in yeast). As shown in Fig. 1B ,C, the phenotype associated with Dtsc2 was reverted by pub1-82 or any1-66, which are suppressor mutations of each allele. These suppressors could also revert the phenotype of Dtsc1 (deletion of the tsc1 + gene, which encodes a binding partner of Tsc2) and rhb1-DA4 (a dominant-active mutation in the rhb1 + gene), suggesting that they were not specific to Dtsc2 but able to suppress defective regulation of Rhb1 GTPase by Tsc1/2. The loss of tsc1 + or tsc2 + causes defective uptake of a variety of amino acids (Aspuria and Tamanoi, 2008; Matsumoto et al., 2002; van Slegtenhorst et al., 2004) , including arginine and, thereby, confers resistance to canavanine, a toxic analog of arginine. The two suppressors, pub1-82 and any1-66, also reverted resistance to canavanine (Fig. 1D,E) .
Tagging of Pub1 and Any1 with GFP did not affect their function; therefore, these tagged constructs were used to examine the cellular localization of these proteins. GFP-Pub1 and Any-GFP co-localized with RFP-tagged Gms1, a marker of the Golgi (Tabuchi et al., 1997; Tanaka et al., 2001b) , thereby indicating that the two proteins primarily reside within the Golgi (Fig. 1F) . Furthermore, the two proteins co-localized with each other (Fig. 1G) .
Interaction between Pub1 and Any1
Because Pub1-RFP and Any1-GFP co-localized, a potential physical interaction between the two proteins was examined. Extracts prepared from cells expressing GFP-Pub1 and Any1-HA were subjected to immunoprecipitation with an anti-HA antibody. As shown in Fig. 2A , GFP-Pub1 co-immunoprecipitated with Any1-HA ( Fig. 2A) . Reciprocally, Any1-HA was immunoprecipitated by an anti-GFP antibody ( Fig. 2A) . The results of the co-localization and co-immunoprecipitation analyses demonstrated that Pub1 physically interacts with Any1 in vivo. Next, we examined the necessity of this interaction for recruitment to the Golgi. As shown in Fig. 2B , GFP-Pub1 localized normally to the Golgi in Dany1 cells. However, in Dpub1 cells, Any1-GFP failed to localize to the Golgi and instead accumulated in the nucleus. Thus, it appears that the localization of Any1 is dependent on Pub1. The genetic interaction between Pub1 and Any1 was also tested. The growth rate of pub1-82 and any1-66 cells decreased at 26˚C, and the cells were unable to grow at 36˚C. Overexpression of the pub1 + gene suppressed the slow growth of any1-66 cells (Fig. 2C) . On the other hand, overexpression of the any1 + gene could not suppress the slowed growth of pub1-82 cells (supplementary material Fig. S1 ). These results suggest that the function of Any1 is dependent on Pub1.
Regulation of amino acid transporter trafficking by Pub1 and Any1
Pub1 E3 ubiquitin ligase regulates the localization of the amino acid transporter Aat1. While Aat1 is found in the Golgi of wildtype cells under nitrogen-rich conditions, it is localized to the PM in Dpub1 cells. In addition, Aat1 is ubiquitylated in a Pub1-dependent manner (Nakase et al., 2012) . This ubiquitylation is believed to be necessary for their storage in the Golgi (Nakase et al., 2012) but not for degradation (supplementary material Fig.  S2 ). Consistent with this notion, Aat1 and other amino acid transporters (SPCC584.13, SPAC11D3.08c, SPAPB24D3.02c and SPCC777.04) tagged with GFP were observed as cytoplasmic speckles in the wild-type strain under nitrogen-rich conditions, but were present at the PM in Dpub1 cells. Although most of the transporters in Dany1 cells were localized to the PM, some were still visible as cytoplasmic speckles ( Fig. 3A ; supplementary material Fig. S3A ) that co-localized with Gms1, a marker of the Golgi (Fig. 3B ). We speculated that Pub1 might be functional to some extent even in the absence of Any1. Furthermore, ubiquitylation of Aat1 required not only the expression of Pub1, but also the expression of Any1 (Fig. 3C,D) . Thus, the transporters abnormally localized to the PM in Dpub1 and Dany1 cells probably play an active role in nutrient uptake. As shown in Fig. 3E , strains in which Pub1 or Any1 function was defective were more sensitive to canavanineinduced toxicity.
The physical interaction between Any1 and Pub1 suggested that Any1 mediates the ubiquitylation of Aat1 by accelerating its recruitment to Pub1 and, thereby, regulates the localization of Aat1. Thus a potential interaction between Any1 and Aat1 was investigated. To this end, Any1-HA and Aat1-GFP were co-expressed and their interaction was examined in the presence of the cross-linking reagent, dithiobis (succinimidyl propionate) (DSP). As shown in Fig. 3F and supplementary material Fig. S4 , Aat1-GFP co-immunoprecipitated with Any1-HA, indicating that Any1 physically interacts with Aat1 in vivo.
The effect of overexpressing pub1 + or any1 + on the localization of Aat1 was also examined. As shown in Fig. 3G ,H, overexpression of either gene prevented localization of Aat1 to the PM, resulting in defective uptake of amino acids (Fig. 3I ). We speculated that there are pools of Pub1 and Any1 that exist as a single protein and that the overexpression of one protein could promote complex formation with excess amount of the other protein. The overexpression of either of the two genes also led to an increase in the level of ubiquitylation of Aat1 (supplementary material Fig. S5 ). Taken together, these results suggest that cooperation between Pub1 and Any1 regulates the localization of Aat1 and other amino acid transporters, and that + gene was tagged with GFP and chromosomally integrated for expression from the native promoter. Other transporter genes (SPCC584.13, SPAC11D3.08c and SPAPB24D3.02c) were tagged with GFP and cloned into the pREP41 expression vector. Each strain was cultured in liquid EMM at 26˚C and observed under a fluorescence microscope. (B) Amino acid transporters localize partially to the Golgi in the any1 mutant. any1-66 cells expressing Aat1-GFP and Gms1-RFP were cultured in liquid EMM at 26˚C and observed under a fluorescence microscope. (C) Ubiquitylation of Aat1-GFP in Dany1 cells. Strains transformed with either empty vector (pTN197) or pREP41 (aat1 + -GFP) were cultured in liquid EMM for 18 hours. Extracts were prepared and processed for western blotting with anti-GFP antibodies. The bands representing unmodified Aat1-GFP appeared around the position of 80 kDa and ubiquitylated Aat1-GFP (indicated as Ub-Aat1-GFP) at higher molecular mass, respectively. (D) Quantification of the result shown in C. The ratio of UbAat1-GFP intensity to Aat1-GFP intensity was calculated using NIH ImageJ and is shown in arbitrary units. (E) pub1 and any1 mutants show increased sensitivity to canavanine. Each strain was spotted on EMM or EMM containing canavanine (1 mg/ml) and incubated for 4 days at 26˚C (serial dilutions are shown from left to right). (F) Physical interaction between Aat1 and Any1. Extracts were prepared from the wild-type cells expressing Aat1-GFP, Any1-HA or both were processed for immunoprecipitation with the antibody to HA, followed by western blotting with the anti-HA and anti-GFP antibodies. (G) Localization of Aat1-GFP to the Golgi after nitrogen starvation. Wild-type cells expressing Aat1-GFP were transformed with pAU(any1 + ) or pAU(pub1 
Localization of Aat1 in mutants defective in TSC-Rheb signaling
To determine the mechanism by which the loss of pub1 + or any1 + suppresses the defective uptake of amino acids caused by Dtsc2, the interaction between the Pub1-Any1 complex and the TSC pathway was investigated.
First, the cellular distribution of Aat1-GFP was examined in Dtsc2 cells. Because the localization of the transporters changes depending on the nutrient conditions, Aat1-GFP was observed over time in cells growing exponentially. In this case, nutrient conditions would gradually change from nitrogen-rich to nitrogen-poor as the cells grew. After 18 hours of incubation, the intensity of the fluorescent signal from Aat1-GFP was measured in the entire cell and in the cytoplasm and PM of individual cells. The intensity measured in the entire cell (iCell) reflects the total level of Aat1-GFP expressed in the cell, and the intensity in the cytoplasm (iCP) and at the plasma membrane (iPM) indicates the level of Aat1-GFP specifically localized at each of these sites. As shown in Fig. 4A , the ratio of iCP/iCell was slightly higher and the ratio of iPM/iCell was lower in Dtsc2 cells than in wild-type cells. This analysis suggested that Aat1-GFP in Dtsc2 cells remained within the cytoplasm. The total amount of Aat1-GFP expressed in Dtsc2 cells was comparable with that in wild-type cells (Fig. 4B) . Dtsc2 cells grew at a rate similar to that of the wild-type cells (supplementary material Fig.  S6A ) and thus they would similarly consume nutrients in the medium. At later time points (24 and 30 hours), Aat1-GFP was conspicuously localized at PM in the wild-type cells. In contrast, Dtsc2 and rhb1-DA4 mutant cells failed to express Aat1-GFP at PM and confined it in Golgi (supplementary material Fig.  S6B,C) .
Aat1 is transported from the Golgi to the PM within a few minutes upon shifting from nitrogen-rich to nitrogen-poor conditions (Nakase et al., 2010) . Thus, the involvement of Tsc2 and or Rheb/GTPase in the translocation of Aat1 from the Golgi to the PM in response to sudden starvation was investigated by time-lapse fluorescence microscopy. As shown in Fig. 4C ,D, + gene tagged with GFP was chromosomally integrated for expression from the native promoter. Each strain was cultured in liquid EMM for 18 hours at 26˚C and observed under a fluorescence microscope. The fluorescence intensity of the cytoplasm (iCP), plasma membrane (iPM) and whole-cell (iCell) was averaged over a population of cells for each strain. Error bars indicate standard deviations. *,**P,0.001, twotailed Student's t-test. (B) Expression of Aat1-GFP was examined in wild-type and Dtsc2 cells. Each strain was grown in liquid EMM at 26˚C. Extracts were processed for western blotting with an anti-GFP antibody. (C) Time-lapse microscopy of Aat1-GFP after nitrogen starvation. Each strain was shifted to the nitrogen-deficient medium at time 0. (D) Quantitative analysis of Aat1-GFP distribution in wild-type, Dtsc2 and DA4 cells. Each strain was cultured as in C. The fluorescence intensity of the cytoplasm (iCP), plasma membrane (iPM) and whole-cell (iCell) was averaged over a population of cells for each strain. Error bars indicate standard deviations. P values calculated by two-tailed Student's t-test are as follows: wild-type vs Dtsc2, P,0.01; wild-type vs DA4, 0 min, P,0.05, after nitrogen starvation, P,0.01; Dtsc2 vs DA4, 0 and 5 min, no significant differences, after 10 min, P,0.01. (E) Disruption of pub1 or any1 expression suppressed Aat1-GFP distribution in Dtsc2 cells. Each strain was grown in liquid EMM at 26˚C and distribution of Aat1-GFP was examined under a fluorescent microscope. Scale bars: 10 mm.
translocation of Aat1 was significantly delayed in Dtsc2 and rhb1-DA4 mutant cells. In addition, translocation of other amino acid transporters (SPCC584.13, SPAC11D3.08c, SPAPB24D3.02c and SPCC777.04) was also delayed in both mutants (supplementary material Fig. S3B ). Deletion of pub1 + or any1 + in Dtsc2 cells resulted in constitutive expression of Aat1 at the PM (Fig. 4E) . These results suggest that Pub1 and Any1 prevent the localization of Aat1 to the PM. In wild-type cells, Tsc2 might negatively regulate the Pub1-Any1 complex and allow translocation of Aat1 to the PM.
Biochemical interaction between Tsc2 and the Pub1-Any1 complex Next, the molecular mechanism by which Tsc2 regulates the Pub1-Any1 complex and, ultimately, the localization of Aat1 was investigated. Because both the overexpression of pub1 + and deletion of tsc2 + resulted in confinement of Aat1 to the Golgi, the activity of Pub1 and the level of ubiquitylation of Aat1 should be higher in Dtsc2 cells than in the wild-type strain. Immunoblot followed by quantitative analysis indicated that Aat1 in Dtsc2 cells was more ubiquitylated (,60%) than in the wild type (,40%) ( Fig. 5A,B ; supplementary material Fig. S7 ). Although the activity of Pub1 could not be examined directly, the efficiency of complex formation between Pub1 and Any1 was monitored. We have performed reciprocal co-IP. As shown in Fig. 5C ,D, complex formation between Pub1 and Any1 was more efficient in Dtsc2 cells than in wild-type cells.
These results suggest that Tsc2 controls the activity of Pub1 by regulating its assembly into a complex with Any1. As the translocation of Aat1 from the Golgi to the PM was also delayed in cells expressing a dominant-active mutant of Rhb1 GTPase (rhb1-DA4), it appears that GTP-bound Rhb1 GTPase interacts with Pub1 and/or Any1 and facilitates complex formation.
Functional relationship between Pub1-Any1 and Tor2
Tor2 has so far been the only known target of Rhb1 GTPase in fission yeast. Thus, the involvement of Tor2 in regulating the localization of Aat1 and formation of the Pub1-Any1 complex were investigated. In actively growing cells, Tor2 is responsible for suppressing the induction of the mei2 + gene and for stimulating cell division with no net growth, events that are induced under nitrogen-poor conditions. Upon shifting to the restrictive temperature (30˚C), two tor2-ts6 and tor2-ts10 mutants allowed the induction of mei2 + gene expression, even under nitrogen-rich conditions (Matsuo et al., 2007) . Because expression of Aat1 at the PM is observed under nitrogen-poor conditions, we hypothesized that Aat1 would be expressed on the PM in the tor2-ts6 and tor2-ts10 mutants if Tor2 is involved in regulating the localization of Aat1. To test this, we examined the localization of Aat1 in the tor2-ts mutants at the restrictive temperature for 8 hours. Although the expression of mei2 + was rapidly induced in tor2-ts mutants (Fig. 6B ), Aat1-GFP signals were still observed in the Golgi apparatus for 2 hours after the shift to 30˚C (Fig. 6A ). This localization did not change even at 8 hours after the shift to 30˚C (supplementary material Fig. S8A ). The efficiency of the formation of the Pub1-Any1 complex was also examined in tor2-ts6 mutant cells. Cell extracts were prepared 2 hours after the shift to the restrictive temperature and used for immunoprecipitation. As shown in Fig. 6C ,D, the Pub1-Any1 complex in the tor2-ts6 mutant assembled with an efficiency comparative to that of the wild-type strain. Deletion of pub1 + or any1 + in tor2-ts10 cells resulted in constitutive expression of Aat1 at the PM (Fig. 6E) . These results suggest that Tor2 activity has no effect on the localization of Aat1 or formation of the Pub1-Any1 complex.
The effect on mei2 + induction was also examined in Dany1 mutant cells. Upon the shift to the restrictive temperature, disruption of the any1 + gene could not suppress expression of mei2 + in the tor2-ts10 mutant (Fig. 6F) . Mutation of pub1 nor any1 could not suppress defects in mei2 + expression in Dtsc2 cells (supplementary material Fig. S9 ). The effect of the overexpression of pub1 + or any1 + on the induction of mei2 + was also examined. As shown in Fig. 6G , overexpression of either of the two genes failed to suppress the induction of mei2 + . These results suggest that neither the expression nor the activity of Pub1 or Any1 have an effect on the regulation of mei2 + gene expression, what is normally regulated by Tor2 activity.
Discussion
Unregulated TSC-Rheb signaling causes defects in amino acid uptake in fission yeast. In this study, we identified the mechanism underlying this defect, along with Pub1-Any1 that regulates the intracellular localization of amino acid transporters in response to the availability of extracellular nutrients.
Role and regulation of Pub1-Any1 complex
In fission yeast, amino acid transporters are typically stored in the Golgi under nutrient-rich conditions. In response to low nutrient conditions, they translocate to the PM, probably to facilitate the import of amino acids or nitrogen from the environment. Most newly synthesized transporters are ubiquitylated by the Pub1-Any1 complex at the Golgi when extracellular nutrients are abundant. This ubiquitylation is believed to be necessary for their storage in the Golgi (Nakase et al., 2012) but not for degradation. We would therefore propose that the Pub1-Any1 complex is responsible for storage of the transporters in cells growing under nutrient-rich condition.
We also showed that the Pub1-Any1 complex is regulated by TSC-Rheb signaling in fission yeast. Two lines of evidence support this conclusion. First, the level of ubiquitylation of Aat1 is higher in Dtsc2 cells than in wild-type cells. Second, the physical interaction between Pub1 and Any1 is more stable in Dtsc2 cells. We speculate that Rhb1 GTPase, which would exist primarily in a GTP-bound form in cells lacking Tsc2, abnormally stimulates Pub1-Any1 complex formation and its ubiquitin ligase activity. As a consequence, ubiquitylated Aat1 is stored in the Golgi regardless of nutrient conditions.
In wild-type cells growing under nitrogen-rich conditions, the majority of Rhb1 GTPase would exist in a GTP-bound form and, therefore, stimulate the ubiquitin ligase activity of the Pub1-Any1 complex. This would maintain a minimal amount of Aat1 (and likely other transporters) at the PM. When nutrients are limited in the medium, the GAP activity of Tsc2 will be upregulated and inhibit activation of the Pub1-Any1 complex by Rhb1 GTPase. Aat1 is consequently released from the Golgi and expressed on the PM (see the model in Fig. 7) . Does Tor2 regulate localization of amino acid transporters? Matsuo et al. (Matsuo et al., 2007) reported that loss of tor2 + induces expression of several amino acid transporters including SPCC777.04 that we investigated in this study. But tor2-ts mutation had no effects in localization of amino acid transporters ( Fig. 6A; supplementary material Fig. S8A ). In addition, we found that tor2-ts mutation cannot rescue the defect of Dtsc2 in amino acid uptake (supplementary material Fig. S8B,C) . Those results suggest that Rhb1 affects localization of amino acid transporters, but Tor2 does not, at least those which we tested in this study.
Different regulation of amino acid transporters in two yeasts
The present study identified Pub1 and Any1, a pair of proteins analogous to Rsp5 and ARTs in budding yeast. While both proteins play a role in regulating amino acid transporters, their function is slightly different in each organism. In budding yeast, most amino acid transporters localize at the PM under normal conditions and are endocytosed soon after the addition of nutrient. For example, the amino acid transporter Gap1 is downregulated by Rsp5 (a ubiquitin ligase that is a homolog of Pub1 (Soetens et al., 2001) in an NH 4 + -induced manner. It has been reported that Rsp5 binds arrestin-like proteins (ARTs) and regulates the endocytosis of amino acid transporters (Lin et al., 2008) . ART proteins along with Rsp5 modify the transporters. The ubiquitylated transporters are then internalized and targeted to the lysosome for degradation. In contrast, the amino acid transporters including Aat1 are typically stored in the Golgi under nutrient-rich conditions in fission yeast. When nutrients are limited in the medium, they immediately translocate to the PM. Endocytosis of Aat1 is observed even in Dpub1 mutant cells. It appears that while budding yeast Rsp5 and ARTs primarily act to reduce expression of the transporters on PM when nutrients are abundant, the primary role of fission yeast Pub1 and Any1 is to store the transporter in the Golgi. The Golgi comprises a stacked structure in both mammalian and fission yeast cells, but such a structure is rarely observed in the Golgi of budding yeast. It is possible that this stacked Golgi structure facilitates localization of the transporters to the Golgi under normal growth conditions in fission yeast.
TSC pathology
TSC is caused by a mutation in either TSC1 or TSC2, which leads to aberrant signaling of the mTOR pathway. The main cause of death in patients with TSC is central neurological disease; however, targeting of mTOR with rapamycin fails to cure TSC. This suggests that molecules other than mTOR are hyperactivated in TSC patients. In mammalian cells, Rheb overproduction results in the generation of huge vesicles with multilayer membranes, and this phenomenon could not be suppressed by the addition of rapamycin (Saito et al., 2005) . In addition, glial cells that lack TSC show impairment in the intake of glutamic acid, an excitatory amino acid. These observations suggest that Rheb facilitates the internalization of glutamic acid receptors to prevent neurological cells from damage caused by hyperirritability (Saito et al., 2005) . They also indicate that Rheb plays a role in regulating membrane trafficking independent of mTOR. In this study, we obtained two suppressor mutants, pub1-82 and any1-66. pub1
+ encodes a homolog of the HECT-type ubiquitin ligase, Nedd4, whose expression is increased in neurological cells, and any1
+ is a homolog of arrestin, which participates in endocytosis. Thus, our results indicating that another pathway independent of Tor2 contributes to regulating the localization of amino acid transporters are consistent with our knowledge of this system in higher organisms. The findings of the present study will contribute to the development of treatments for TSC.
Materials and Methods

Yeast strains, growth media and plasmids
The S. pombe strains and plasmids used in this study are listed in supplementary material Table S1 and Table S2 , respectively. S. pombe cells were grown in YEA and EMM containing the appropriate nutrient supplements as described previously (Moreno et al., 1991) . The incubation temperature was 26˚C. All yeast Fig. 7 . A model for the regulation of amino acid transporters by TSCRheb signaling. Newly-synthesized amino acid transporters face two possible fates when they are delivered to the Golgi apparatus. They can either be trafficked to the PM to mediate amino acid uptake from the environment until they are endocytosed, or they can remain in the Golgi apparatus due to monoor poly-ubiquitylation mediated by the Pub1-Any1 complex. Ubiquitylation is probably required for retention in the Golgi apparatus. In Dtsc cells, hyperactive Rhb1 stabilizes the Pub1-Any1 complex and increases the level of ubiquitylated amino acid transporters. As a result, the number of amino acid transporters at the PM falls markedly, resulting in defective amino acid uptake. ER, endoplasmic reticulum; MVB, multivesicular bodies.
transformations were performed with the lithium acetate method (Gietz et al., 1992; Okazaki et al., 1990) .
Screen for extragenic suppressors of Dtsc2
In the primary screen for the extragenic suppressors of Dtsc2, nitrosoguanidine mutagenized revertants that were able to grow at 26˚C on EMM supplemented with 40 mg/ml leucine were isolated. In the secondary screen, revertants that did not show a round morphology but did show temperature-sensitive growth at 36˚C were selected. In this screen, we isolated revertants which morphology was not round to eliminate cpp1 mutants. A total of 20 strains were obtained in the secondary screen. Tetrad analysis between each revertant and the wild-type strain showed that each revertant contained a single chromosomal mutation. In addition, the suppressor phenotype cosegregated with temperature sensitivity. Complementation test by random spore analysis showed that the suppressor mutations were derived from two genetic loci.
Cloning of pub1 + and any1
+
The pub1-82 mutant (YKK191) and the any1-66 mutant (YKK196) were transformed with an S. pombe genomic library containing the partially digested Sau3AI DNA fragment constructed in a multicopy plasmid, pAL-KS (Tanaka et al., 2001a) . Plasmids were recovered from Ts + Leu + transformants and their nucleotide sequences were determined. A BLAST search was performed to identify the obtained sequences, and the region covered by the inserted genomic sequence was determined.
Disruption of any1 +
The plasmids used to disrupt any1 + were constructed as follows. A 1.3 kb XhoIBamHI fragment containing the region upstream from the first methionine of the any1 + ORF and a 1.17 kb BamHI-NotI fragment containing the region downstream of the stop codon of the any1 + ORF were cloned into the corresponding sites of a pBluescript II-KS + vector (Stratagene, La Jolla, CA). The ura4 + gene was ligated into the plasmid, yielding pBS (any1::ura4 + ). A 4.3 kb EcoRI-SacI fragment containing the deleted any1 allele (any1::ura4 + ) was used to transform the strain SP740. Disruptions were confirmed by PCR.
Northern analysis
Total RNA was prepared from cultured S. pombe as described previously (Jensen et al., 1983 ) and fractionated on a 0.8% gel containing 3.7% formaldehyde (Thomas, 1980) . Probes for mei2 + were PCR-amplified from a S. pombe genomic DNA library and labeled with [a-32 P]dCTP using standard methods.
Western blotting
Crude cell extracts were prepared from S. pombe, as described previously (Masai et al., 1995) . Polypeptides were resolved by SDS-PAGE on 8% gels and then transferred onto nitrocellulose membranes. The antibodies used were anti-HA antibody 12CA5 (Roche), anti-GFP antibody (Roche), and anti-a-tubulin antibody TAT-1 (Woods et al., 1989) . Immunoreactive bands were visualized by chemiluminescence with horseradish-peroxidase-conjugated sheep anti-mouse IgG (GE Healthcare).
For detection of ubiquitylation of Aat1-GFP, the cells were collected by centrifugation, washed once with water, and resuspended in lysis buffer A [50 mM Tris-HCl, 5 mM EDTA, 10 mM NaN 3 , 1 mM phenylmethylsulfonyl fluoride, containing one tablet of EDTA-free cOmplete protease inhibitor cocktail (Roche) per 50 ml (pH 7.5)]. Cells were lysed with glass beads. Unbroken cells and debris were removed by centrifugation at 3006g for 2 min. Aliquots of the cleared lysates containing 100 mg of total proteins in 100 ml were mixed with an equal volume of STE buffer [2 0% sucrose, 50 mM Tris-HCl, 5 mM EDTA (pH 7.5)] and centrifuged at 13,0006g for 10 min. Pellets were treated with 26Sample buffer [100 mM Tris-HCl, 4 mM EDTA, 4% SDS, 20% glycerol (pH 6.8)] and 5% 2-mercaptoethanol at 37˚C for 20 min to denature the proteins. Samples were resolved by 4-20% SDS-PAGE (ATTO). The antibodies used for immunoblotting were mouse monoclonal anti-GFP antibody (Roche; 1:5000) and a rabbit antimouse IgG (H + L) HRP conjugate (Invitrogen; 1:10,000). Signals were detected with an LAS4000 imaging system (Fuji Film Co. Ltd, Japan).
Cross-linking with DSP
Cells were washed with phosphate-buffered saline buffer and concentrated to a 10% volume. After stimulation with aspartic acid, the cells were treated with DSP (final concentration, 2.5 mM) for 30 min at room temperature and subsequently quenched with Tris-HCl (pH 8.0; final concentration, 20 mM). Cell lysate preparation and immunoprecipitation were performed as described above. To cleave DSP completely, beads were incubated with SDS sample buffer as described above and then incubated with SDS sample buffer containing dithiothreitol (final concentration, 50 mM) for 30 min at 37˚C.
Microscopy
For quantitative microscopy, a DeltaVision system (Applied Precision, Issaquah, WA) attached to an Olympus IX-70 wide-field inverted fluorescence microscope equipped with an Olympus UplanSApo6100 oil immersion objective lens (NA 1.4, Olympus, Tokyo, Japan) and Photometrics CoolSNAP HQ camera (Roper Scientific, San Diego, CA) was used. Images were captured and processed by iterative constrained deconvolution using SoftWoRx (Applied Precision). Quantification of fluorescent intensity was performed with ImageJ 1.44 (National Institutes of Health, Bethesda, MD). A single focal plane at the middle of each cell was measured.
For time-lapse observation, hand-made perfusion chamber was used. The base of the chamber was constructed with a large coverslip (Matsunami Glass Ind., Ltd, Tokyo, Japan; 24636 mm, No.1) coated with 0.01% poly-L-lysine (Sigma, P1524) and double-sided tape (Nichiban, Tokyo, Japan; NW-5S, approx. 60-mm thickness). Suspension of cells were put on the base of chamber and then covered by a small coverslip (Matsunami, 18618 mm, No. 1) . Cells were washed with EMM+N by perfusion. Medium was exchanged with excessive volume of EMM-N by perfusion. To prevent drying, the chamber was sealed with vaseline.
In Vivo Protein Interaction Assay
Wild-type strains (YKK471, 519 and 545), Dtsc2 strains (YKK525, 634 and 653), and Dtsc2 tor2-ts6 strains (YKK662 and 673) were used to assay the binding of GFP-Pub1 and Any1-HA. Each strain was grown to mid-log phase in EMM medium at 26˚C. The cells were harvested, resuspended in extraction buffer [50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 1 mM PMSF, containing 16 protease inhibitor cocktail (Sigma)] and then ruptured with glass beads. The lysate was centrifuged at 3000 g for 5 min to prepare the soluble fraction. The cell-free homogenates were incubated with a rat anti-HA antibody (3F10; Roche) or a mouse anti-GFP antibody (Roche) at 4˚C for 1 h and then mixed with protein G Sepharose (PIERCE). After further incubation at 4˚C for 2 h, the solution was centrifuged at 100 g for 10 sec. The pellet was washed five times with extraction buffer and resuspended in sample buffer. Target proteins were detected by western blotting using mouse anti-HA antibody 12CA5 (Roche) or a mouse anti-GFP antibody (Roche).
Cross-linking with DSP
For the Any1-Aat1 interaction assays (see Fig. 3 ), cells were washed with phosphate-buffered saline buffer and concentrated to a 10% volume. After stimulation with aspartic acid, the cells were treated with DSP (final concentration, 2.5 mM) for 30 min at room temperature and subsequently quenched with TrisHCl (pH 8.0; final concentration, 20 mM). Cell lysate preparation and immunoprecipitation were performed as described above. To cleave DSP completely, beads were incubated with SDS sample buffer as described above and then incubated with SDS sample buffer including dithiothreitol (final concentration, 50 mM) for 30 min at 37˚C.
